Background: Fruit, vegetable, and antioxidant intakes may reduce the risk of several insulin-like growth factor (IGF)-related chronic diseases, such as certain types of cancers and cardiovascular diseases.
INTRODUCTION
There is growing evidence that intakes of all or some fruit and vegetables and their constituents have potentially important effects on the risk of some chronic diseases such as certain types of cancers and cardiovascular diseases. Protective effects of fruit and vegetable intakes against ischemic heart diseases (IHD) and stroke have been reported in several prospective studies (1) (2) (3) (4) (5) , but not all (6, 7) . In particular, a greater beneficial effect on IHD or stroke was suggested for certain botanical or phytochemical subgroups of fruit and vegetables and their related antioxidants, such as cruciferous vegetables (1) , green leafy vegetables (1, 2) , citrus fruit (1, 6) , vitamin C-rich fruit and vegetables (2) , vitamin C (3, 8) , and carotenoids (3, 9) . Likewise, total fruit and vegetable intake has been proposed to play a role in the prevention of some types of cancers including stomach, breast, bladder, and colorectal cancer, although these associations appeared to be weak [reviewed by McCullough and Giovannucci (10) and Key et al (11) ]. According to the authors, certain botanical subgroups, such as tomato and cruciferous vegetable intakes, may be associated with a reduction in the risk of some specific sites of cancer including prostate and bladder cancer. In addition, intakes of antioxidants such as lycopene may protect against prostate cancer (12) .
Similarly, members of the insulin-like growth factor (IGF) family have been suggested to play a role in the occurrence of some of the same chronic diseases. For instance, prospective epidemiologic studies showed that higher IGF-I concentrations, lower IGF-binding protein 3 (IGFBP-3) concentrations, or both were associated with a reduced risk of ischemic heart disease (13) , heart failure (14) , and of ischemic heart disease mortality (15) . In contrast, prospective epidemiologic studies reported an association of higher IGF-I concentrations, lower IGFBP-3 concentrations, or both with an increased risk of premenopausal breast (16 -18) , prostate (19, 20) , and colorectal (21) cancers, although other prospective studies did not observe such associations (22) (23) (24) [reviewed by Renehan et al (25) ]. Thus, an interindividual fluctuation in IGF concentrations may modulate the risk of some chronic diseases, and this fluctuation could be due to genetic, environmental, or lifestyle factors including nutrition (26) .
It is well known that severe energy and protein deprivation is related to lower IGF-I concentrations (27) . However, the possibility that fruit, vegetable, and antioxidant intakes may be linked to circulating IGF-I and IGFBP-3 concentrations has not been fully addressed. Moreover, lower IGF-I concentrations and higher concentrations of both IGFBP-1 and IGFBP-2 were observed in vegans than in meat eaters and vegetarians (28, 29) . However, so far, studies merely examined the association of total fruit, total vegetables, legumes, tomatoes, and their related antioxidant intakes with IGF-I and IGFBP-3 concentrations and found inconsistent results (30 -35) . To our knowledge, few studies (30, 32, 34, 35) have classified fruit and vegetable intakes by using botanical or phytochemical subgroups, and none have evaluated the association between each such subgroup and concentrations of growth factors.
The aim of the present analysis was to examine, among 1542 healthy women in Quebec City, whether circulating concentrations of IGF-I and IGFBP-3 were associated with intakes of total fruit and vegetables, intakes of specific subgroups of fruit and vegetables based on their botanical and phytochemical classifications, or with intakes of related antioxidants, namely vitamin C, lycopene, and ␤-carotene.
SUBJECTS AND METHODS

Study population
Details of the study design and methods were published elsewhere (36) . Briefly, the study participants were women who had screening mammograms at 2 private radiological clinics in Quebec City between February 2001 and March 2002. Women were considered premenopausal if they had ͧ1 natural menstrual cycle within the past 12 mo or were younger than 48 y (if a nonsmoker) or 46 y (if a smoker) after hysterectomy without bilateral oophorectomy or use of hormonal derivatives. The women were considered postmenopausal if they reported complete cessation of menstruations for ͧ12 mo, radiation-induced menopause or bilateral oophorectomy, or were aged ͧ56 y (if a nonsmoker) or 54 y (if a smoker) after hysterectomy without bilateral oophorectomy, or use of hormonal derivatives (37) . Eligible women had not used hormonal derivatives within 3 mo of the mammography, were never diagnosed with cancer, had never taken tamoxifen or raloxifene, were not pregnant, and had none of the following conditions: thyroid, adrenal, or hepatic disease or diabetes. Finally, women with a cognitive deficiency from any cause that did not allow informed consent were excluded. There was no restriction with respect to the age of the women. The present study was reviewed and approved by the Research Ethics Committee of the Centre hospitalier affilié universitaire de Québec (Quebec, Canada). All study participants provided written informed consent.
A total of 1574 women were recruited. Of these, 11 women did not provide the food-frequency questionnaire, 3 were excluded because they reported an extremely low (600 kcal) or high (5000 kcal) daily caloric intake, and 18 women provided no information on their physical activity, hormone use, or alcohol intake. Hence, the total number of subjects included in the present analysis was 1542 women.
Data collection
At the radiology clinic, the anthropometric measures, such as weight, height, and waist and hip circumferences, and blood specimens (20 mL) of the participants were collected by a trained research nurse. A telephone interview was carried out with each woman to document known or suspected breast cancer risk factors, including reproductive and menstrual history, family history of breast cancer, personal history of breast biopsies, past use of contraceptives and hormone replacement therapy, smoking status, education, and physical activity. The level of physical activity, expressed as metabolic equivalent (MET)-hour per week (38) , was assessed by using the Nurses' Health Study II Activity and Inactivity Questionnaire (39) .
Diet was assessed with a validated self-administrated 161item semiquantitative food-frequency questionnaire (FFQ; 97GP copyrighted at Harvard University, Boston, MA) (40) , which included 28 vegetable and 16 fruit items. For each food item, a standard portion size was specified and the participants were asked how often, on average (ranging from "never" to "6 or more" times/d), they had consumed this item during the year preceding blood collection. The participants also provided, through the FFQ, the duration, brand, type, and weekly dose of multivitamins and the daily dose of vitamin C and ␤-carotene supplements. Some brands of multivitamins available in Canada had no specific code in the Harvard database and were assigned a generic code. Food and supplement intakes were translated in dietary, supplemental, and total nutrient intakes at the Channing Laboratory of Harvard University (Boston, MA) by using the nutrient content of foods derived from the US Department of Agriculture source supplemented with data from the manufacturers. Total intake of a specific nutrient includes intakes from foods, multivitamins, and individual supplements.
Blood samples collected at study entry were kept on ice until centrifugation at 1500 ҂ g for 20 min at 4°C. Blood constituents were divided into aliquots and stored at Ҁ80°C until analysis. The time between blood donation and plasma storage was 3 h for 99.4% of the participants. Aliquots of frozen plasma were sent on dry ice in batches of 39 samples for laboratory analyses without any information on the women. Four blinded split samples were randomly included in each batch to assess the variability in intraassay and interassay laboratory measurements. An enzyme-linked immunosorbent assay with reagent from Diagnostic Systems Laboratory (Webster, TX) was used to measure IGF-I and IGFBP-3. For the present study, the intrabatch CVs were 10.5% and 13.2% and the interbatch CVs were 7.9% and 10.5% for IGF-I and IGFBP-3, respectively.
Statistical analysis
For each study participant, the mean daily number of servings of individual fruit and vegetables were summed to estimate total daily fruit and vegetable intakes. Using the criteria established by Smith et al (41) and the report on Food, Nutrition and the Prevention of Cancer published by World Cancer Research Fund (42), we classified fruit and vegetables into specific subgroups based on botanical and phytochemical classifications (detailed classifications are presented in Table 1 ). Similar to the estimation of total daily fruit and vegetable intakes, a daily intake of any subgroup of fruit and vegetables was computed by adding the daily intake of each fruit and vegetable that were included in the FRUIT, VEGETABLE, AND ANTIOXIDANT INTAKES AND IGFs specific subgroup. Nutrient intakes from food or supplements were studied separately and in combination.
All fruit, vegetable, and nutrient intakes were categorized in quintiles. Adjusted least-squares mean concentrations of growth factors for each quintile of intake were estimated by using generalized linear models. Statistical differences between any of the adjusted means were evaluated with P for heterogeneity, whereas the linear trend across quintiles was tested by using a linear contrast with the median of daily intakes within each of the quintiles as the value. Linear regression models (␤ Ȁ SE) were used to assess the association between continuous levels of food or nutrient daily intakes and continuous concentrations of growth factors.
Covariates considered a priori as factors known or suspected to be associated with IGF concentrations, the diet, or both were included in 2 multivariate models. In model 1, the associations of food and nutrient intakes with concentrations of growth factors were adjusted for menopausal status (pre-or postmenopausal); age at mammography (y); body mass index (kg/m 2 ); physical activity (MET-h/wk); energy intake (kcal/d); duration of past use of hormone replacement therapy and oral contraceptive (y); lactation (mo); number of full-term pregnancies; age at first fullterm birth (y); age at menarche (y); number of breast biopsy samples; family history of breast cancer (yes or no); education (primary or less, secondary, or college or university diploma),which was treated as a continuous variable; alcohol intake (drinks/wk); smoking status (never, former, or current smoker); and either IGF-I or IGFBP-3 (ng/mL) when applicable. Model 2 was further adjusted for other dietary factors, including intakes of animal protein (mg/d), animal fat (mg/d), and red meat (servings/d). However, results of this analysis remain similar when minimum adjustment is made (for example, including only age at mammography, body mass index, physical activity, energy intake, alcohol intake, and IGF-I or IGFBP-3, when applicable, in model 1). Statistical significance was based on two-sided P 0.05. All statistical analyses were carried out with the use of SAS version 9.1 (SAS Institute Inc, Cary, NC).
RESULTS
The present study included 1542 women, of which 771 were premenopausal and 771 were postmenopausal. The characteristics of the study population are described in Table 2 . Briefly, the mean (ȀSD) age of the participants was 54.1 Ȁ 9.4 y. The mean total intakes of fruit and vegetables were 2.7 Ȁ 1.6 and 4.3 Ȁ 2.3 servings/d, respectively. The average concentrations of IGF-I and IGFBP-3 were 208.5 Ȁ 67.4 and 4888.1 Ȁ 989.0 ng/mL, respectively.
The associations of total and botanical subgroups of fruit and vegetable intakes with IGF-I and IGFBP-3 concentrations are shown in Table 3 . A positive association between cruciferous vegetable intakes and IGF-I concentrations was observed before adjustment for other dietary factors [model 1: P for trend ҃ 0.05; ␤ Ȁ SE (P) ҃ 7.7 Ȁ 3.2 (0.02)], but not after full adjustment for all covariates [model 2: P for trend ҃ 0.19; ␤ Ȁ SE (P) ҃ 5.5 Ȁ 3.3 (0.09)]. Higher intake of citrus fruit was significantly associated with higher IGF-I concentrations [215 ng/mL for quintile 5 compared with 205 ng/mL for quintile 1; P for trend ϭ 0.04; ␤ Ȁ SE (P) ҃ 3.6 Ȁ 1.6 (0.03)] and with lower IGFBP-3 concentrations [4803 ng/mL for quintile 5 compared with 4960 ng/mL for quintile 1; P for trend ϭ 0.04; ␤ Ȁ SE (P) ҃ Ҁ57.5 Ȁ 25.4 (0.02)] even after adjustment for all covariates (model 2). Concentrations of growth factors were not significantly associated with other measures of fruit and vegetable intakes (total fruit, total vegetables, total fruit and vegetables, or with intakes of other botanical subgroups of fruit and vegetables).
Among the 3 antioxidants examined, a significant doseresponse association was observed between dietary vitamin C intake and concentrations of IGF-I and IGFBP-3 (Table 4) . After adjustment for all covariates (model 2), increases of 100 mg/d of dietary vitamin C intake were associated with a 5.2 Ȁ 1.9 ng/mL increase in IGF-I concentrations (P ϭ 0.009) and a 77.2 Ȁ 30.9 ng/mL decrease in IGFBP-3 concentrations (P ҃ 0.01). In contrast, total or supplement vitamin C intakes were not significantly related to concentrations of IGF-I or IGFBP-3. No significant associations between intakes of ␤-carotene or lycopene from food, supplements, or both and IGF-I or IGFBP-3 concentrations were observed.
When fruit and vegetables are categorized into subgroups based on the phytochemical classification, a higher intake of fruit and vegetables rich in vitamin C was significantly associated Because menopausal status, alcohol intake, and smoking status could affect diet intake, the antioxidant capacity of the diet, or concentrations of growth factors, analyses were performed after stratification for these factors. Associations of food and nutrient intakes with concentrations of growth factors were comparable between pre-and postmenopausal women, smokers and ex-or nonsmokers, and moderate alcohol consumers (3 servings/wk) and high alcohol consumers (ͧ3 drinks/wk). Thus, these factors had little or no significant modifying effect in our study (data not shown).
DISCUSSION
The present cross-sectional study suggests that higher intakes of citrus fruit and dietary vitamin C are associated with higher IGF-I and lower IGFBP-3 concentrations. These findings support the notion that a diet rich in vitamin C (ascorbic acid), especially from citrus fruit, may affect circulating IGF-I and IGFBP-3 concentrations.
In the present study, intakes of total vegetables and total fruit did not relate significantly to IGF-I and IGFBP-3 concentrations. These findings are consistent with previous studies on these associations (30 -33) . With regard to botanical subgroups and their related antioxidants, one study found a negative association between intake of cooked tomatoes and IGF-I concentrations (34) and another found a positive association between lycopene intake and IGFBP-3 concentrations (31). However, some investigators have observed no association of legume (32, 35) , tomato (30, 35) , or total ␤-carotene (31) intakes with IGF-I and IGFBP-3 concentrations and no association of lycopene intake with IGF-I (31, 35) or IGFBP-3 concentrations (35) and no association of lycopene intake with either IGF-I (31, 35) or IGFBP-3 (35) concentrations, which is consistent with our observations. In our study, we observed a positive dose-response association of dietary vitamin C intake with IGF-I concentrations, and an inverse dose-response association of dietary vitamin C intake with concentrations of IGFBP-3. These results are only partly consistent with those observed in the study conducted by Holmes et al (31) . These investigators found a positive association of dietary vitamin C intake not only with IGF-I but also with IGFBP-3 concentrations; the latter reached statistical significance. However, no significant association was observed between total or supplemental intakes of vitamin C and IGF concentrations in the present study as well as in others (31, 32) .
To our knowledge, the present study is the first to report that higher citrus fruit intakes are associated with higher concentrations of IGF-I and lower concentrations of IGFBP-3. In addition, we observed a positive association, although not statistically significant, between cruciferous vegetable intakes and IGF-I concentrations. Because the phytochemical subgroup of fruit and vegetables rich in vitamin C is mainly composed of citrus fruit and cruciferous vegetables, these findings further support the idea that intake of vitamin C from food may affect IGF concentrations. The biological mechanisms through which vitamin C from food may increase IGF-I and reduce IGFBP-3 concentrations are not known. Nevertheless, in animal models, Palka et al (43) found that serum IGF-I concentrations of guinea pig under ascorbate-free (vitamin C-free) diet for 24 -28 d (acutely scorbutic) was decreased to 25% of normal concentrations. The extent of growth factor concentration changes in the serum of vitamin C-deficient guinea pigs was correlated with the extent of weight loss. Hence, these authors suggested that dietary vitamin C could play a role in regulation of growth through the IGF system.
Our observation of an association between vitamin C-rich fruit and vegetables and IGF concentrations may explain, at least in part, 2 independent sets of epidemiologic studies of IHD and 1 Means (ȀSEs) of IGF-I or IGFBP-3 were estimated from generalized linear models. 2 Adjusted for menopausal status, age at mammography, BMI, physical activity, energy intake, duration of past use of hormone replacement therapy and oral contraceptives, duration of lactation, number of full-term pregnancies, age at first full-term birth, age at menarche, number of breast biopsy samples, family history of breast cancer, education, alcohol intake, smoking status, and either IGF-I or IGFBP-3 when applicable. 3 Adjusted for all variables included in model 1 plus intakes of animal protein, animal fat, and red meat. 4 x Ȁ SE (all such values). 5 F test of the linear contrast with the median of daily intakes within each of the quintiles as the value. 6 F test evaluating the differences between any of the adjusted means. 7 Estimated from linear regression models. These values represent absolute mean (ȀSE) decrease or increase in IGF-I or IGFBP-3 concentrations for increments of one serving per day of fruit, vegetables, or both. 1 Means (ȀSEs) of IGF-I or IGFBP-3 were estimated from generalized linear models. 2 Adjusted for menopausal status, age at mammography, BMI, physical activity, energy intake, duration of past use of hormone replacement therapy and oral contraceptives, duration of lactation, number of full-term pregnancies, age at first full-term birth, age at menarche, number of breast biopsy samples, family history of breast cancer, education, alcohol intake, smoking status, and either IGF-I or IGFBP-3 when applicable. 3 Adjusted for all variables included in model 1 plus intakes of animal protein, animal fat, and red meat. 4 x Ȁ SE (all such values). 5 F test of the linear contrast with the median of daily intakes within each of the quintiles as the value. 6 F test evaluating the differences between any of the adjusted means. 7 Estimated from linear regression models. These values represent absolute mean (ȀSE) decrease or increase in IGF-I or IGFBP-3 concentrations for increments of 1000 g/d of ␤-carotene or lycopene intakes and for increments of 100 mg/d of vitamin C intakes. 8 In supplement users.
stroke. On the one hand, there is some evidence that the risk of IHD or stroke may be lower among those with a diet rich in fruit, vegetables, and antioxidants, more specifically with higher intake of vitamin C-rich fruit and vegetables (1, 2, 6) and of dietary vitamin C (3, 8, 44) , although in other studies these associations were not observed (9, 45) . On the other hand, a reduced risk of IHD or stroke has been suggested to be related to higher circulating IGF-I concentrations, lower circulating IGFBP-3 concentrations, or both (13) (14) (15) . Hence, our findings raise the possibility that vitamin C-rich fruit and vegetables, such as citrus fruit and dietary vitamin C intakes, may affect IHD and stroke, at least in part, by modulating the biological activities of the IGF system. The association between fruit and vegetable intakes and cancer risk has been extensively investigated in the past decades [reviewed by McCullough and Giovannucci (10) and Key et al (11) ]. The protective effect of fruit and vegetable intakes against some site-specific types of cancer seems largely attributed to certain phytochemical or botanical subgroups, such as tomatoes for prostate cancer and cruciferous vegetables for bladder cancer. As for cardiovascular disease and stroke, IGF has been proposed to play a role in the etiology of some cancers but the effect of these growth factors on cancer risk appears to be opposite that on IHD risk (26) . Several epidemiologic studies reported that higher concentrations of IGF-I, lower concentrations of IGFBP-3, or both were related to higher risk of breast cancer in premenopausal women (16 -18) and of prostate (19, 20) and colorectal (21) cancers. In the present study, higher intakes of citrus fruit, vitamin C-rich fruit and vegetables, and dietary vitamin C related to higher IGF-I and lower IGFBP-3 concentrations, which may paradoxically suggest an increase in the risk of IGF-related malignant tumor development. These results have to be interpreted with caution. Vitamin C (ascorbic acid) may have effects that counterbalance its possible impact on growth factor concentrations. It is well-known that the proliferative and antiapoptotic activities of IGF-I is mainly mediated by its receptor (IGF-IR). However, some in vitro studies showed that ascorbyl stearate (a liphophilic derivative of ascorbic acid) inhibited the proliferation of human glioblastoma multiforme (T98G) and pancreatic carcinoma cells possibly by down-regulating the expression of IGF-IR (46, 47) . From another point of view, vitamin C is known to prevent human cancer cell line progression by neutralizing reactive oxygen species before they damage DNA and initiate tumor growth. However, in addition to its antioxidant role, vitamin C has been proposed as a prooxidant that could react with lipid hydroperoxide to induce a mutagenic lesion in human DNA (48) . As a result, the biological double-edged properties of vitamin C (some linked to an increase and others linked to a reduction in cancer risk) may explain the lack of consistent results between studies that examined the association of intakes of vitamin C, citrus fruit, and fruit and vegetables rich in vitamin C with certain types of cancers.
Our study had several strengths, including a relatively large sample size, a rigorous process of blood sample collection and analysis, and detailed information on potential confounding factors. However, there are some limitations of the present study. First, the FFQ used for the assessment of fruit, vegetable, and antioxidant intakes was not specifically designed for this purpose. Nevertheless, it covers intake of 28 items of vegetables and 16 items of fruit that include most of the fruit and vegetables found in the Canadian market. In addition, the FFQ has been shown to be valid and reliable (40) . Second, a conversion process of food to dietary nutrient intake was based on the US Department of Agriculture nutrient file rather than that of Canada. Any misclassification of nutrient intake, however, is likely to be nondifferential and, therefore, such misclassification will tend to underestimate the observed associations rather than create spurious ones. Third, intake of nutrients from multivitamins is especially susceptible to misclassification, because a generic code was used for supplements available in Canada but not in the United States. In addition, intake of vitamin C from supplements accounts for a major proportion of the variance in total vitamin C intake (90%). Thus, this random misclassification may explain why no significant relation was observed between total or supplemental vitamin C intakes and IGF concentrations. Fourth, recall bias may influence dietary estimation. However, recall bias is likely to be the same irrespective of IGF concentrations because the women studied were not aware of the specific study objectives at the time of data collection. Hence, this misclassification would also tend to be random and is unlikely to explain observed associations. Finally, the possibility that some of the significant findings could be due to chance cannot be totally excluded because an exploratory approach was used and multiple testing was assessed.
In conclusion, we found that women with higher intakes of citrus fruit and dietary vitamin C had higher circulating concentrations of IGF-I and lower concentrations of IGFBP-3. These results raise the possibility that higher intake of this fruit subgroup and its vitamin C constituent may be associated with a decreased risk of some cardiovascular diseases, at least in part, because of their influence on concentrations of growth factors. JB, SB, and MP were involved in the study design. JB, CD, and SB supervised the data collection work. MP performed the growth factors analyses. CDT, CD, and SB performed the statistical analyses. CDT wrote the first draft of the manuscript. All authors contributed to subsequent drafts of the manuscript and approved the final version. None of the authors had a personal or financial conflict of interest.
